Aims Vascular disease is the leading cause of morbidity and mortality in type 1 diabetes mellitus (T1DM). We previously demonstrated that patients with T1DM have impaired endothelial function, a forme fruste of atherosclerosis, as a result of increased oxidative stress. Bilirubin has emerged as a potent endogenous antioxidant with higher concentrations associated with lower rates of myocardial infarction and stroke. Methods We tested the hypothesis that increasing endogenous bilirubin using atazanavir would improve cardiometabolic risk factors and vascular function in patients with T1DM to determine whether targeting bilirubin may be a novel therapeutic approach to reduce cardiovascular disease risk in this population. In this singlearm, open-label study, we evaluated blood pressure, lipid profile, and conduit artery function in fifteen subjects (mean age 45 ± 9 years) with T1DM following a 4-day treatment with atazanavir. Results As anticipated, atazanavir significantly increased both serum total bilirubin levels (p \ 0.0001) and plasma total antioxidant capacity (p \ 0.0001). Reductions in total cholesterol (p = 0.04), LDL cholesterol (p = 0.04), and mean arterial pressure (p = 0.04) were also observed following atazanavir treatment. No changes were seen in either flow-mediated endothelium-dependent (p = 0.92) or nitroglycerine-mediated endothelium-independent (p = 0.68) vasodilation, measured by high-resolution B-mode ultrasonography at baseline and posttreatment. Conclusion Increasing serum bilirubin levels with atazanavir in subjects with T1DM over 4 days favorably reduces LDL and blood pressure but is not associated with improvements in endothelial function of conduit arteries.
Introduction
Type 1 diabetes mellitus (T1DM) confers increased cardiovascular disease risk [1] . The vascular endothelium regulates blood vessel's structure and function by releasing vasodilator and vasoconstriction substances to maintain homeostasis [2] . Endothelium-derived nitric oxide (NO), the most potent vasodilator, protects against atherogenesis through a wide variety of mechanisms, including inhibition of inflammation, prevention of vasoconstriction, inhibition of platelet and leukocyte adhesion, attenuation of vascular smooth muscle cell proliferation, and prevention of lipid peroxidation [3, 4] . Hyperglycemia, inherent to T1DM, induces production of oxygen-derived free radicals, particularly superoxide anion [5] , reducing NO bioavailability to cause endothelial dysfunction [6] . Attenuated endothelial function has been linked to increases in cardiovascular events [7, 8] and has been demonstrated in both type 1 and type 2 diabetic populations [9, 10] . Supraphysiological ascorbate infusion [11] and chronic oral [10] antioxidant vitamin therapy restore endothelium-dependent vasodilation in T1DM, but does not reduce cardiovascular disease in patients at high risk of events [12] , although not studied specifically in a population with T1DM.
Bilirubin, a product of heme catabolism, has emerged as a potent antioxidant capable of scavenging oxygenderived free radicals [13] . We have shown that elevated serum bilirubin concentrations are associated with a lower incidence of atherosclerosis [14, 15] and patients with Gilbert's disease, marked by elevated levels of unconjugated bilirubin, have been shown to have a lower incidence of ischemic heart disease [16] . Previously, pharmacologic-mediated increases in serum bilirubin levels improved endothelial function in patients with type 2 diabetes mellitus (T2DM) [14, 17, 18] . Treatment strategies that increase antioxidant capacity by increasing bilirubin may therefore represent a novel approach to alleviate oxidative stress, restore endothelial function, and limit the pro-atherogenic consequences of hyperglycemia [19] .
Atazanavir, a protease inhibitor used to treat patients with human immunodeficiency virus (HIV), is known to block UDP glucuronosyltransferase 1A1 (UGT1A1) activity, leading to the accumulation of unconjugated bilirubin [20] . We tested the hypothesis that accumulation of bilirubin via UGT1A1 inhibition would reduce oxidative stress and result in improved endothelial function in patients with T1DM.
Materials and methods

Subject selection
Subjects with T1DM were recruited through online advertising and referrals from the Joslin Diabetes Center in Boston, Massachusetts. Eligible subjects were between 18 and 60 years of age with a long-standing ([20 years) diagnosis of T1DM as defined by recent criteria or evidence of microalbuminuria [21] . All subjects underwent screening medical history, physical examination, and laboratory analyses, including fasting glucose, conjugated and total bilirubin, liver function, creatinine, total and LDL cholesterol, hemoglobin A 1C , and urinalysis. All subjects were confirmed HIV negative by antibody screen. Subjects with evidence of unstable cardiovascular disease within 1 year, renal or liver disease, or Gilbert's syndrome were excluded. Active drug abuse, smoking, pregnancy, or use of medications that interfere with atazanavir precluded participation. Any use of proton pump inhibitors was discontinued 2 weeks prior to treatment initiation. The protocol was approved by the Partners Human Research Committee of Brigham and Women's Hospital, and all subjects provided informed consent. This investigation was registered prior to initiation (NCT01421355).
Protocol
In this single-arm, open-label study, subjects received atazanavir 300 mg twice daily for a total of 4 days (Reyataz, Bristol Myers Squibb, Plainsboro, NJ, USA). Conduit artery vascular function was assessed at baseline and on the fourth day of atazanavir treatment to match a study in subjects with T2DM [17] . Fasting blood was collected at both time points for laboratory analysis.
Vascular reactivity testing
Subjects were studied in the morning after overnight fast with rapidly acting insulin held on the morning of vascular study. All vascular studies were performed in a quiet, temperature-controlled, dimly lit room after the subject rested supine for a minimum of 5 min, using an upper-arm sphygmomanometric cuff position, as we have previously performed and according to guidelines [22] [23] [24] [25] . High-resolution B-mode ultrasonography using a 7.5 MHz linear array probe (Vivid 7, General Electric) was used to image the brachial artery. Images were obtained using an electrocardiographic R-wave trigger for end diastole. Reactive hyperemia was induced through 5 min of cuff suprasystolic pressure inflation. Flow-mediated, endothelium-dependent vasodilation was assessed at 60-70 s after cuff deflation. We have shown that vasodilation at this time point is endothelium-derived nitric oxide dependent [26, 27] . Vascular function analyses were performed blinded to study visit.
Ten minutes after cuff release, endothelium-independent vasodilation was assessed. The brachial artery was imaged before and 3 min after sublingual administration of 0.4 mg of nitroglycerin (Nitrostat, Parke-David, New York, NY, USA). Brachial artery blood flow velocity was determined via pulsed Doppler velocity-time integral measurement at all time points. Nitroglycerin was not administered if the subject's systolic blood pressure was \100 mmHg or heart rate was \50 beats/min. Analysis was performed using Information Integrity custom-made image acquisition and analysis software (Information Integrity, Stow, Massachusetts).
Laboratory analyses
Blood was collected into Vacutainer tubes (Becton-Dickinson) for chemistry and hematologic analysis at Brigham and Women's Hospital Clinical Laboratories. Plasma samples were stored for subsequent analysis at -80°C from Vacutainer tubes containing K2 EDTA 7.2 mg/4 mL whole blood following centrifugation (1,200g) at°4 C for 10 min. Plasma antioxidant capacity was assessed by ferric-reducing ability of plasma (FRAP) assay at the Clinical and Epidemiologic Research Laboratory of Boston Children's Hospital [28] .
The homeostatic model assessment-estimated insulin resistance (HOMA IR ) was calculated using the following equation: fasting glucose (mg/dL) x fasting insulin (mU/ mL)/405.
Statistical methods
Descriptive measures are reported as mean ± standard deviation. Experimental measures are reported as mean ± standard error. Normality of data was confirmed by the Shapiro-Wilk test. Vascular function parameters were compared using paired t test. Statistical significance was accepted at the 95 % confidence level (p \ 0.05). All statistical analyses were performed using SPSS Base 22 (IBM; Armonk, NY, USA).
Results
Baseline characteristics
Fifteen subjects with T1DM met eligibility criteria and completed the study. Baseline characteristics of study participants are noted in Table 1 . Subjects were 45 ± 9 years of age with an average body mass index of 28.6 ± 7.8 kg/m 2 . The study population included one Hispanic (7 %) and two African-American subjects (13 %). Seven subjects (47 %) were taking angiotensinconverting enzyme inhibitors or angiotensin-receptor blockers, and two (13 %) were being treated with statins at the time of enrollment. The mean duration of diabetes was 29.1 ± 10.7 years. Two subjects with \20 years duration of diabetes qualified based on microalbuminuria confirmed by laboratory analysis at screening. Subjects had an average hemoglobin A 1C value of 8.6 ± 1.3 % at baseline and fasting blood glucose of 178.0 ± 29.4 and 172.4 ± 25.1 mg/dL at baseline and on day 4, respectively. Of the fifteen subjects who completed the study, one subject developed jaundice on day 3 of treatment with atazanavir that resolved within 4 days of medication cessation.
Laboratory analyses
As anticipated, total bilirubin levels were significantly elevated following 4-day treatment with atazanavir (0.50 ± 0.05 mg/dL at baseline and 3.87 ± 0.56 mg/dL post-treatment, p \ 0.0001). FRAP analysis showed a significant increase in total plasma antioxidant capacity as a result of atazanavir treatment (1.22 ± 0.08 mM at baseline and 1.57 ± 0.10 mM post-treatment, p \ 0.0001) ( Table 2 ). The sample correlation coefficient for the change in unconjugated bilirubin and FRAP was 0.61, (Pearson p = 0.016). Treatment with atazanavir reduced total cholesterol by 4.5 % (192.5 ± 13.3 mg/dL at baseline and 185.5 ± 14.7 mg/dL post-treatment; p = 0.04) and LDL cholesterol by 9.9 % (106.8 ± 10.4 mg/dL at baseline and 98.2 ± 11.5 mg/dL post-treatment, p = 0.04) (Fig. 1) . HDL cholesterol and triglycerides were unchanged following treatment. Neither fasting insulin, fasting glucose, nor HOMA IR were changed significantly with atazanavir treatment. The sample correlation coefficient for the change in unconjugated bilirubin and LDL was -0.55 (Pearson p = 0.042).
Hemodynamics and vascular function
Mean arterial pressure was significantly reduced in response to treatment with atazanavir (83.9 ± 2.6 mmHg) compared to baseline (89.1 ± 2.7 mmHg, p = 0.04). All other hemodynamic measures remained unchanged following treatment ( Table 2 ). The change in mean arterial pressure correlated neither with the change in bilirubin nor with the change in antioxidant capacity.
Basal brachial artery diameters were unchanged by atazanavir treatment (3.31 ± 0.13 mm at baseline and 3.33 ± 0.14 mm post-treatment, p = 0.48) ( Table 3) . Treatment with atazanavir did not significantly affect the reactive hyperemia stimulus (5.94 ± 0.63 and 5.65 ± 0.58 fold change at baseline and post-treatment, respectively, p = 0.61). There was no significant change in flow-mediated, endothelium-dependent vasodilation following treatment with atazanavir (8.08 ± 1.24 % at baseline and 8.01 ± 1.27 % post-treatment; p = 0.92) (Fig. 2a, b) . Nitroglycerin-mediated, endothelium-independent vasodilation was similarly unchanged following treatment (p = 0.68). In exploratory analysis, there was no difference in flow-mediated or nitroglycerin-mediated vasodilation when the subjects with an above-median increase in bilirubin were compared to those with a below-median increase. Similarly, vascular function did not differ when comparing subjects with above-and below-median change in antioxidant capacity.
Discussion
Our study demonstrates that short-term exposure to atazanavir significantly increases serum antioxidant capacity, lowers total and LDL cholesterol, and reduces mean arterial pressure in T1DM. Despite this observed improvement in the vascular environment, both endothelium-dependent vasodilation and endothelium-independent vasodilation remain unchanged after treatment.
Antioxidant capacity and vascular function
Experimental models of diabetes mellitus and non-diabetic animal aortas exposed to high glucose concentrations both demonstrate increased oxidative stress, reduced bioavailability of endothelium-derived NO, and impaired endothelium-dependent vasodilation [29] . Likewise, endothelium-dependent vasodilation of conduit arteries is attenuated in humans with T1DM [1] . Bilirubin is a potent endogenous scavenger of oxidant species, and its absence increases oxidative stress in human endothelial cells. In Gilbert's syndrome, gene coding regions for UGT1A1 are inactivated, preventing bilirubin excretion and conferring lifelong hyperbilirubinemia. Epidemiologic studies show that patients with Gilbert's syndrome [30] have a reduced incidence of cardiovascular disease. The protease-inhibitor atazanavir blocks UGT1A1 activity, resulting in a state of unconjugated hyperbilirubinemia that mimics the heightened bilirubinemia of Gilbert's syndrome. Short-term atazanavir exposure significantly increased plasma antioxidant capacity in our subjects with T1DM, comparable to the observed change in a T2DM population [17] . Despite the similar improvement in oxidative stress, conduit artery endothelium-dependent vasodilation in subjects with T1DM was unchanged with atazanavir treatment in this study, contrary to the significant improvement in forearm arteriolar endothelial function reported by Dekker et al. [17] in patients with T2DM. The variations in pathophysiology between T1DM and T2DM or in arterial bed may underlie the differences in our observations. Healthy subjects treated with atazanavir trended to increased endothelium-dependent vasodilation in leg arterioles, whereas no effect was noted in the brachial conduit arteries of well-controlled subjects with HIV [31] [32] [33] [34] . Discordance in endothelium-dependent vasodilation between conduit arteries and arteriolar beds has been noted previously [35] . Increasing bilirubin levels may therefore differentially affect endothelial function of the micro-and microvasculature.
Metabolic abnormalities in diabetes
Modification of risk factors for cardiovascular disease, particularly hypertension and dyslipidemia, reduces morbidity and mortality in diabetes mellitus. Current medical therapies are focused on managing blood pressure and normalizing lipid metabolism to reduce adverse cardiovascular events in this population [1] . Superoxide production is increased in humans and animal models of hypercholesterolemia [36, 37] , hypertension [38, 39] , and diabetes [37] . Several randomized studies have demonstrated a reduction in major cardiovascular complications, including stroke, myocardial infarction, and death, with the use of anti-hypertensive medications [40] [41] [42] . Therapy employing hydroxymethylglutaryl-CoA (HMG-CoA) reductase inhibitors, or statins, demonstrates a reduction in coronary heart disease and stroke in patients with diabetes [43, 44] and in patients without additional risk factors [45] .
We demonstrate a reduction in both total cholesterol and LDL cholesterol levels in response to atazanavir, consistent with observations in HIV-infected adults receiving atazanavir therapy (46) . It has been shown that elevated serum bilirubin is inversely related to total and LDL cholesterol and triglycerides, both in healthy young adults and in diabetic populations [30, 46, 47] . Dekker and colleagues did not report similar metabolic changes in their T2DM cohort. We also observed a decrease in mean arterial pressure [48] . These observations indicate that elevated bilirubin levels may exert therapeutic benefits on cardiovascular health by diminishing diabetic dysmetabolism and improving hemodynamic parameters rather than through endothelial function. Indeed, Oda and colleagues have shown that increasing total bilirubin levels was associated with lower levels of metabolic syndrome, but, surprisingly, total bilirubin levels were not a risk factor for metabolic syndrome [49] . Thus, the link between bilirubin and cardiometabolic health requires further investigation.
Vascular oxidative stress and endothelial dysfunction predict the risk of cardiovascular disease [50] [51] [52] . In our study, a reduction in oxidative stress did not increase the bioavailability of endothelium-derived nitric oxide in conduit arteries of patients with T1DM, but other mechanisms may still promote cardiovascular health. For example, Keshavan et al. [53] demonstrate that bilirubin blocks leukocyte adhesion and migration across the endothelium via inhibition of vascular cell adhesion protein 1 (VCAM-1), an NADPH oxidase-and ROS-dependent cell surface protein. The antioxidant effects of bilirubin may therefore have an important regulatory role in vascular inflammation independent of changes in endothelium-derived nitric oxide bioavailability.
This study has a number of limitations. Our sample size was small but matched enrollment to the study conducted by Dekker and colleagues in a T2DM population. We acknowledge that a larger study (more than tenfold as many subjects based on the effect size) may have detected additional metabolic changes compared to those observed in the current study. Our current study eliminates variability from comparing two different cohorts as each subject served as his own comparator and is consistent with other data in conduit arteries in the literature. In addition, we might have included healthy control subjects to determine whether the metabolic effects were dependent on the presence of diabetes. In summary, our study is the first to study the effect of enhanced antioxidant capacity through pharmacologically increase in unconjugated bilirubin in patients with longstanding type 1 diabetes mellitus. Based on our results and those in the literature, we note that atazanavir improves endothelium-dependent vasodilation in arterioles but not in conduit arteries, despite significant reductions in oxidative stress. Our study does not exclude a benefit by another mechanism, a benefit that may take longer to occur, or that the dose was optimal, despite the fact that we used the same rationale and procedure as Dekker et al. [17] . The discrepancy in the literature suggests a large trial may be clarifying.
